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In this letter, we propose a novel scenario which simultaneously explains O(10)M primordial black
holes (PBHs) and dark matter in the minimally supersymmetric standard model. Gravitational
waves (GWs) events detected by LIGO-Virgo collaboration suggest an existence of black holes as
heavy as ∼ 30M. In our scenario, as seeds of the PBHs, we make use of the baryon number
perturbations which are induced by the special type of Affleck-Dine mechanism. Furthermore,
the scenario does not suffer from the stringent constraints from CMB µ-distortion due to the Silk
damping and pulsar timing. We find the scenario can explain not only the current GWs events
consistently, but also dark matter abundance by the non-topological solitons formed after Affleck-
Dine mechanism, called Q-balls.
I. INTRODUCTION
The LIGO-Virgo collaboration has announced the
detection of the four GW events, GW150914 [1],
GW151226 [2], GW170104 [3], GW170814 [4]. These
events come from mergers of binary black holes (BHs).
However, among the observed eight BHs, four BHs have
a mass ∼ 30M. There are disputes about formation of
such heavy BH binaries by stellar evolution and many
researchers are exploring the origin of those BHs.
Primordial black holes (PBHs) are one of the candi-
dates which account for these GW events [5–10]. PBHs
are formed by the gravitational collapse of the overdense
Hubble patches in the early Universe. Therefore, on the
contrary to the stellar ones, PBHs can have a very wide
range of masses including ∼ 30M. As an origin of large
density perturbations required for PBH formation, infla-
tion in the early universe is well-motivated and studied
extensively [11–17]. Since the density contrast generated
by conventional inflation is predominantly scale invariant
and too small to form the PBHs, much effort has been
made to amplify the curvature perturbations only at the
small scales.
However, such amplified small scale perturbations are
severely constrained by cosmological observations. First,
they cause a distortion of the Cosmic Microwave Back-
ground (CMB) due to the Silk damping. In fact, the
observation of the µ-distortion excludes the inflationary
PBHs with mass 4× 102M .MPBH . 4× 1013M in-
cluding supermassive BHs (SMBHs) [18]. Furthermore,
large (scalar) curvature perturbations source tensor per-
turbations by the second-order effect [19–21]. The sec-
ondary GWs can be significantly larger than those of
the first-order and constrained by observations of pulsar
timing. The latest results of pulsar timing array (PTA)
experiments [22–24] exclude the inflationary PBHs with
mass 0.1M <∼MPBH <∼ 10M. Consequently, inflation-
ary PBHs can explain the massive BHs only in limited
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mass range. Fortunately, there still exist some successful
models of inflationary PBHs which can explain the LIGO
events evading those constraints [15, 17].
In this letter, we propose a novel scenario which ex-
plains the LIGO events evading all difficulties men-
tioned above in the minimal supersymmetric standard
model (MSSM). In the scenario, the Affleck-Dine (AD)
mechanism [25, 26] plays a crucial roles. We find that
the more general choice of the coefficients of the Hub-
ble induced mass for the AD-field realizes the genera-
tion of the spatially-inhomogeneous baryon asymmetry.
As a result, some high-baryon regions produced by this
mechanism become over-dense in the cosmological evo-
lution and gravitationally collapse into PBHs. Although
the idea of the inhomogeneous baryogenesis itself was
proposed by Dolgov et al.[27–29], their model requires
ad-hoc interactions and can give only a qualitative dis-
cussion. On the other hand, our scenario is naturally
described by the MSSM interactions and the observables
are evaluated analytically. Since the scenario requires
no curvature perturbation, stringent constraint form µ-
distortion and PTA experiments are completely absent.
Furthermore, the dark matter abundance in the cur-
rent Universe is simultaneously explained by the non-
topological solitons formed after AD baryogenesis, called
Q-balls [30–35]. Consequently, the LIGO PBHs and dark
matter are simultaneously explained in this model, that
is, cogenerated 1.
II. INHOMOGENEOUS AD BARYOGENESIS
First, let us consider the generation of the inhomo-
geneous baryon asymmetry, that is, the production of
the HBBs. Although the mechanism is based on the
AD baryogenesis as we mentioned before, we put two
assumptions: (i) During inflation the AD-field has a pos-
itive Hubble induced mass, while it has negative one after
1 Here we remark our scenario is different from the existing case
where the dark matter abundance is explained by the LIGO
PBHs themselves [5–7]
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2inflation. (ii) Just after inflation, the temperature of the
decay products of the inflaton T overcomes the Hubble
parameter H. Although these assumptions seem to be
somewhat unconventional, such a situation is conceiv-
able in general2. Under these assumptions, the scalar
potential for the AD-field φ = ϕeiθ is given by
V (φ) ={
(m2φ + cIH
2)|φ|2 + VNR, (during inflation)
(m2φ − cMH2)|φ|2 + VNR + VT(φ), (after inflation)
(1)
where cI , cM are dimensionless positive constants, mφ is
the soft SUSY breaking mass for the AD-field (∼ m3/2:
gravitino mass) and VNR denotes the non-renormalizable
contributions given by
VNR =
(
λaM
m3/2φ
n
nMn−3Pl
+ h.c.
)
+ λ2
|φ|2(n−1)
M
2(n−3)
Pl
, (2)
where λ, aM are dimensionless constants. The integer
n (≥ 4) is determined by specifying the MSSM flat di-
rection. VT is the thermal potential for the AD-field in-
duced by the thermalized decay product of the inflaton
and written as
VT (φ) =
{
ckf
2
kT
2|φ|2, fk|φ|<∼ T,
agα
2
sT
4 ln
(
|φ|2
T 2
)
, |φ|>∼ T,
(3)
where ck, fk, ag, αs are O(1) parameters relevant to the
couplings of the AD-field to the thermal bath.
We can see this setting has a significant feature; multi-
vacua appears after inflation. During inflation the po-
tential has a minimum at the origin (φ = 0) by the as-
sumption (i). After inflation, as usual, the AD-field has a
vacuum with a non-vanishing vacuum expectation value
(VEV) ϕ(t) ' (H(t)Mn−3Pl /λ)1/(n−2), due to the nega-
tive Hubble induced mass. We name this vacuum “B”.
In addition, around the origin ϕ . f−1k T , the thermal
mass overcomes the negative Hubble induced mass be-
cause of the assumption (ii), hence the second vacuum
φ = 0 appears. We name this new vacuum “A”. The
shape of the potential is like a “dented” Mexican hat as
shown in the lower side of the Fig.1. The critical point be-
tween two vacuums lies at ϕc(t) ' T (t)2/H(t). Because
the produced baryon number density is proportional to
the value of ϕ2(t) at H ' mφ, substantial baryon asym-
metry is produced at the vacuum B. On the other hand,
no baryon asymmetry is generated in the vacuum A.
2 The coefficients of the Hubble induced mass term both during
and after inflation are assumed to be negative in the context of
the usual AD mechanism. In the supergravity-based inflation
models, however, they are generally independent and take differ-
ent values [36–38].
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FIG. 1. The schematic view of the bubble formation. The
AD-field diffuses in the complex plane until the end of the
inflation (upper side). Just after inflation, the two vacuums
A and B appear due to the thermal potential and the negative
Hubble induced mass (lower side). If |φ| > φc in some patches,
φ rolls down to the vacuum B. On the other hand, if |φ| < φc,
φ rolls down to the vacuum A
Let us describe the dynamics of the AD-field in the
scenario. We show the schematic view of the dynam-
ics in Fig.1. During inflation, as mentioned above, the
AD-field has positive mass and locates at the origin clas-
sically. However, the AD-field acquires quantum fluc-
tuations during inflation. Therefore, IR modes of the
AD-field (= coarse-grained AD-field over local Hubble
patches ) diffuse in the complex plane as the universe
expands and φ takes different values in different Hubble
patches [39–41]. After inflation, the shape of the poten-
tial is deformed to the “dented” Mexican hat. Then, the
AD-field rolls down to either of the two vacua A and
B classically, and separate universe is realized.3 If the
AD-field takes a value ϕ < ϕc in some patches at the
end of inflation, ϕ rolls down to the vacuum A and no
baryon asymmetry is produced. On the other hand, if
ϕ > ϕc, ϕ rolls down to the vacuum B where the AD
baryogenesis will occur. At the time H ∼ m, vacuum
B disappears due to the soft SUSY breaking mass and
the AD field in the vacuum B start to oscillate around
the vacuum A producing the baryon asymmetry. As a
result, the separate universe converses to the vacuum A
and the difference in their path in the field space are
reflected in the baryon asymmetry. In the aim of the
3 At the moment, topological defects associated with spontaneous
U(1) symmetry, could be formed. However, since the separated
universe converges to the vacuum A after the AD mechanism,
they immediately decay and could not cause cosmological prob-
lems.
3formation of the PBHs, we assume the baryon asym-
metry produced via the phase B is very large such as
ninB/s ∼ 14 and the regions of the phase B after infla-
tion are very rare. Such highly-baryon asymmetric bub-
bles are called as high-baryon bubbles (HBBs). Since in
the rest of the universe, namely the phase A, the baryon
asymmetry is not generated5, we have to prepare another
mechanism which realizes the observed baryon asymme-
try nobB /s ∼ 10−10.
In the following discussions, we assume the instant
thermalization of the decay products of the inflaton and
evaluate their temperature T (t) as
T (t) ' (T 2RH(t)MPl)1/4, (4)
where TR is the reheating temperature. Then, the con-
dition for the existence of the new vacuum, that is, as-
sumption (2) is translated as6
∆ ≡ T
2
RMPl
H3I
> 1. (5)
The critical point ϕc(t) just after inflation is also rewrit-
ten as
ϕc(te) ≡ ϕc = ∆1/2HI , (6)
where we set the O(1) parameters in Eq. (3) as unity
and treat the Hubble parameter during inflation HI as
constant for simplicity.
III. DISTRIBUTION OF HBBS
Next, let we discuss the distribution of the HBBs. The
AD-field with a positive mass cIH
2 acquires the quantum
fluctuations during inflation and its IR modes exhibit
the Gaussian distribution [39–41] with a time-dependent
variance
σ2(N) ≡ 〈δφ2(N)〉 =
(
HI
2pi
)2
(1− e−c′IN )/c′I , (7)
where we define N ≡ ln(a/ai), c′I ≡ (2/3)cI . The prob-
ability distribution function for the AD-field φ evaluated
at N is given by
P (N,φ) =
e
− ϕ2
2σ2(N)
2piσ2(N)
. (8)
4 Such a large baryon asymmetry is naturally obtained by the AD-
field with n > 6.
5 One may consider the possibility that the HBBs account for ob-
served baryon asymmetry. However, in high baryon regions, Big
Bang Nucleosynthesis can not explain the observed abundances
of the light elements.
6 If the condition is satisfied just after inflation, it holds at least
until reheating completes.
We can estimate the population of the HBBs by this
stochastic discussion. Since the patches with ϕ > ϕc
are to be the HBBs after inflation, we call such patches
also HBBs. The physical volume of the HBBs at certain
N is evaluated as
VB(N) = V (N)
∫
ϕ>ϕc
P (N,φ)dφ ≡ V (N)fB(N). (9)
Here we represent the physical volume of the Universe at
N as V (N) ∼ r3He3N , where rH is the Hubble radius. fB
denotes the volume fraction of the HBBs. The creation
rate of the HBBs is obtained by differentiating VB(N)
with respect to N :
dVB(N)
dN
= 3VB(N) + V (N)
∫
ϕ>ϕc
dP (N,φ)
dN
dφ. (10)
We can see that the first term represents the growth of
the HBBs due to the cosmic expansion. The second term
represents nothing but the creation of the HBBs at N .
Therefore, the fraction of the HBBs formed at N evalu-
ated at the inflation end Ne is
βB(N) =
d
dN
fB(N) =
∫
ϕ>ϕc
dP (N,φ)
dN
dφ. (11)
The result does not depend on Ne because all the HBBs
expand with same rate, and we can consistently repro-
duce Eq.(9) by integrating over all HBBs (0 < N < Ne).
The integration over φ in Eq.(9) is straightforward and
we can obtain the explicit form for fB (and so βB(N))
as
fB(N) =
∫ 2pi
0
dθ
∫ ∞
ϕc
ϕ
e
− ϕ2
2σ2(N)
2piσ2(N)
dϕ = e
− 2pi2∆
σ˜2(N) , (12)
where we define σ˜2(N) ≡ (1 − e−c′IN )/c′I . Therefore,
surprisingly, the distribution of the HBBs created at N
is represented only by cI and the parameter ∆ defined in
Eq.(5).
For later convenience, let us relate the size of the HBBs
to the horizon mass MH evaluated at the time when the
scale re-enters the horizon. Because the HBBs created at
N have the size of the Hubble horizon (∼ H−1I ), we can
relate the number of e-foldings N with MH as
N(MH) ' −1
2
ln
MH
M
+ 21.5 +NCMB, (13)
where M is the solar mass, NCMB is the number of
e-foldings when the pivot scale exits the horizon, and
we used g∗ = 10.75 and the CMB pivot scale k∗ =
0.002Mpc−1. It is also convenient to relate the tempera-
ture T at horizon crossing to the horizon mass as
T (MH) = 434MeV
(
MH
M
)−1/2
. (14)
4IV. PBH FORMATION
In this section, we describe how the HBBs form PBHs.
After inflation, the energy density inside and outside the
HBB are almost same because the oscillation of the in-
flaton dominates the universe. However, the difference in
the baryon asymmetry leads to the large density contrast
in the late-time universe.
Inside the HBBs, the AD-field has a non-vanishing
VEV and baryon asymmetry is generated at H ∼ mφ
due to the AD mechanism. The coherent oscillation of
the AD-field, however, is usually spatially unstable and
fragments to the localized lumps, called Q-balls. Q-ball
is a configuration of the complex scalar which minimizes
the energy under the fixed U(1) charge (= baryon num-
ber).
In this scenario, we consider the case the Q-balls are
stable and almost all baryon charges are captured in
the Q-balls. It is known that such a situation is natu-
rally realized in the gauge-mediated SUSY breaking sce-
nario [33, 35]. We represent the abundance of the Q-balls
formed after AD baryogenesis inside the HBBs as ρinQ/s
7.
Then, the density contrast of the HBB is
δ ≡ ρ
in − ρ¯
ρ¯
=
ρinQ
(pi2/30)g∗T 4
=
4
3T
ρinQ
s
, (15)
where ρin, ρ¯ denote the energy density inside and out-
side the HBBs, respectively. Since the Q-balls behave as
pressure-less dust, their energy eventually dominates the
HBBs. Defining the critical value of the density contrast
for the gravitational collapse as δc, we can see that PBHs
start to be formed at
Tc =
4
3
δ−1c
ρinQ
s
. (16)
Here only the HBBs which are larger than the horizon
scale at Tc can gravitationally collapse into the PBHs.
On the other hand, smaller HBBs can not form PBHs,
but form the self-gravitational systems of the Q-balls
which contribute to the dark matter abundance. The
PBH formation from the over-density of the Q-balls has
been studied in a different cosmological context [42, 43].
Here we comment on the equation of the state p =
wρ inside the HBBs and the value of δc. Before the Q-
ball-radiation equality, we simply regard HBBs as almost
radiation-dominated (w ' 1/3) and use δc ' 0.4 [44].
On the other hand, after the Q-ball-radiation equality,
we have to adopt the value of δc for 0 < w < 1/3, which
7 The baryon asymmetry in the HBB depends on the initial value
of the phase direction, which is generally different among HBBs.
However, the Q-ball energy density is almost the same among
HBBs because both Q-balls and anti-Q-balls are produced so
that the total Q-ball density is equal to that of the AD field.
Furthermore, we can also realize the same baryon density by
introducing the Hubble induced A-term.
varies with time as well as w. However, soon after Tc, δ
becomes larger than unity and hence without large errors
we can assume that the HBBs collapse to the PBHs when
they re-enter the horizon after Tc.
Then, the fraction of the PBHs with mass MPBH is
written as
βPBH(MPBH) = βB(MPBH)θ(MPBH −Mc). (17)
Here we assume MPBH ' MH for simplicity. Mc is a
horizon mass at Tc. Hence, Mc works as a “cut-off” for
the formation of the smaller PBHs.
V. PBH ABUNDANCE
Let us calculate the present abundance of the PBHs.
Since PBHs behave as matter, one can estimate the abun-
dance of the PBHs with mass MPBH over logarithmic
mass interval d lnMPBH as
ΩPBH(MPBH)
Ωc
' ρPBH
ρm
∣∣∣∣
eq
Ωm
Ωc
=
Ωm
Ωc
T (MPBH)
Teq
βPBH(MPBH)
'
(
βPBH(MPBH)
1.6× 10−9
)(
Ωch
2
0.12
)−1(
MPBH
M
)−1/2
, (18)
where Ωc and Ωm are the present density function of the
dark matter and matter, respectively. Here we use the
latest Planck result Ωch
2 ' 0.12 [45]. T (MPBH) and
Teq are the temperatures at the formation of the PBHs
with mass MPBH and the matter-radiation equality, re-
spectively. We show the PBH abundance Eq.(18) and
observational constraints in Fig. 2. Here, restricting our
interest to the PBHs inferred from LIGO events, we set
Tc = 200MeV which corresponds to Mc ' O(10)M. We
can see that due to the cut-off Mc, there exists a peak-
like “edge” whose mass ∼ O(10)M and the abundance
ΩPBH/Ωc ∼ O(10−2) − O(10−3) can explain the merger
rate [10] for the LIGO events. Also we have numerically
estimated that
fB
>∼O(10−10) (19)
is required to make the peak to reach at least ΩPBH/Ωc ∼
O(10−3).
On the other hand, the Q-balls in the smaller HBBs,
which did not collapse to PBHs, make a contribution to
the dark matter abundance. Taking into account that
only a small fraction of HBBs collapse to the PBHs, the
abundance of these residual Q-balls is estimated as
ρQ
s
' fB
ρinQ
s
= 4.4× 10−10GeV
(
Tc
200MeV
)(
δc
0.4
)(
fB
7.3× 10−9
)
.
(20)
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FIG. 2. We show the PBH abundance for (cI ,∆, NCMB) =
(0.046, 19, 10) and the observational constraints, The shaded
regions are excluded by extragalactic gamma rays from Hawk-
ing radiation (EGγ) [46], femtolensing of known gamma ray
bursts (Femto) [47], white dwarfs existing in our local galaxy
(WD) [48], microlensing search with Subaru Hyper Suprime-
Cam (HSC) [49], Kepler micro/millilensing (Kepler) [50],
EROS/MACHO microlensing (EROS/MACHO) [51], dynam-
ical heating of ultra faint dwarf galaxies (UFD) [52], and ac-
cretion constraints from CMB (CMB) [53].
Comparing with Eq.(19), we can conclude the residual
Q-balls must contribute to the dark matter abundance
more than O(10)% to explain the LIGO event rate.
Surprisingly, the LIGO PBHs and dark matter are si-
multaneously generated, namely, cogenerated in our sce-
nario. Actually, the parameter choice (cI ,∆, NCMB) =
(0.046, 19, 10) we made in the Fig.2 explains the all dark
matter by the residual Q-balls.
Here we make a remark about the lightest SUSY parti-
cle (LSP). In the gauge-mediated SUSY breaking which
predicts stable Q-balls, the LSP is gravitino with mass
less than 1 GeV. The LSP gravitino is stable and its
abundance is roughly proportional to the reheating tem-
perature. In the present scenario we assume that the
reheating temperature is low enough (TR . 106 GeV)
for the gravitino to give a negligible contribution to the
dark matter [54]. In this case, the condition Eq. (5) is
satisfied if the Hubble parameter during inflation is small
(HI . 1010 GeV).
VI. CONCLUSIONS AND DISCUSSIONS
In this letter, we have proposed a novel scenario which
simultaneously explains the LIGO GW events and dark
matter in the MSSM. The scenario is based on the gener-
alized version of the AD mechanism which produces the
highly localized baryon asymmetry called HBBs. If the
Q-balls created after AD mechanism are stable, HBBs
eventually become overdense due to the additional en-
ergy contribution from the Q-balls and gravitationally
collapse to the PBHs at a certain time. We have showed
that the scenario predicts O(10)M PBHs with abun-
dance ΩPBH/Ωc ∼ O(10−2)−O(10−3), which account for
the LIGO events. We stress that the scenario generically
evades the stringent constraints from PTA experiments
and µ-distortion because the averaged amplitude of small
scale curvature perturbations is sufficiently small. Fur-
thermore, Q-balls inside the residual HBBs, which are
too small to gravitationally collapse, can account for all
dark matter. These Q-balls are considered to form self-
gravitational systems in every HBB and would have in-
teresting implications in late-time cosmology.
We comment on the case without stable Q-balls, that
is, Q-balls decay before their domination or are not
formed after AD baryogenesis. Actually, PBHs are also
created in this case. This is because the large baryon
number density in the HBBs is transformed to matter
energy density due to the QCD phase transition. While
the evaluation of the PBH abundance is same as Eq.(17),
the cut-off for the lighter PBHs Mc, at which the peak-
like “edge” locates, must be determined as
Mc 'MQCD ' 19M. (21)
Interestingly, the mass scale which corresponds to the
LIGO events is predicted by the QCD dynamics. We will
study this case in more detail in future [55].
Finally, we mention the existence of the SMBHs. It
is seen from Fig.2 that a significant amount of SMBHs
are created in a wide mass range. Although they suc-
cessfully evade the constraints from the accretion and µ-
distortion8, their abundance is much greater than one in
every comoving volume of 1Gpc3. Such excessive SMBHs
are originated from HBBs formed near the beginning of
the inflation9. The SMBHs are suppressed if the IR
modes start to diffuse just before the scale corresponding
to Mc exits the horizon. Then the HBBs much heavier
than Mc are not created in principal and the peak at Mc
becomes sharper. This can be realized in double inflation;
during the first inflation the AD-field is stabilized at the
origin due to the large Hubble induced mass (cI  1),
while the AD field obtains smaller mass (cI  1) and
starts to diffuse during the second inflation. We will also
discuss this case in ref.[55]
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